Objective-Accumulating evidence shows that immune cells play an important role in atherosclerosis. Most attention has focused on the role of different T cell subsets, whereas the possible involvement of B cells has been less studied. In this study, we assessed the association of 2 different B cell subsets, CD19 + CD40 + and CD19 + CD86 + B cells, with risk for development of acute cardiovascular events. Approach and Results-The prospective study included 700 subjects randomly selected from the cardiovascular cohort of the Malmö Diet and Cancer study. Mononuclear leukocytes, stored at -140 ○ C at the baseline investigation in 1991-1994, were thawed and B cell subsets analyzed by flow cytometry. Cytokine release from CD3/CD28-stimulated mononuclear leukocytes was measured with multiplex ELISA. Baseline carotid intima-media thickness and stenosis were assessed by ultrasonography, and clinical events were monitored through validated national registers during a median/mean follow-up time of 15 years. The subjects in the highest tertile of CD19 + CD40 + B cells had a significantly lower risk of incident stroke after adjustment for other risk factors. In contrast, CD19 + CD86 + B cells were associated with higher risk for development of a stroke event and increased release of proinflammatory cytokines from mononuclear leukocytes. Conclusions-These observations provide evidence for an involvement of B cells in the incidence of stroke and suggest that both pathogenic and protective B cell subsets exist. (Arterioscler Thromb Vasc Biol. 2014;34:211-218 .) The online-only Data Supplement is available with this article at http://atvb.ahajournals.org/lookup/suppl/In the development of atherosclerosis, the action of T cells has been intensely studied, whereas the possible role of B cells has received less attention, making them an interesting target for further studies. The present study provides evidence for an involvement of B cells in the incidence of stroke and suggests that both pathogenic and protective B cell subsets exist.
T he possible role of immune responses against modified self-antigens, such as oxidized low-density lipoprotein (LDL), in atherosclerosis has aroused much interest in recent years. 1, 2 Oxidized LDL-specific autoantibodies and autoreactive T cells have been identified both in the circulation and in atherosclerotic plaques. [3] [4] [5] [6] Findings of reduced atherosclerosis in mice deficient for the T helper (Th) 1 transcription factor T-bet or the Th1-cytokine interferon-γ have suggested an important role for proinflammatory T effector cells in the disease process. 7, 8 In line with this, Hermansson et al 9 identified the existence of apolipoprotein B-specific T cells and demonstrated that deletion of these cells resulted in reduced formation of atherosclerotic plaques in apolipoprotein E-deficient mice. Interestingly, early studies investigating the role of lipoprotein autoimmunity in hypercholesterolemic animals immunized with oxidized LDL also led to the discovery of protective T cells responses. [10] [11] [12] Subsequent studies identified regulatory T cells as the main cell type responsible for these protective effects, and accumulating evidence suggests that the balance between activation of plaque antigen-specific Th1 and regulatory T cells plays a key role in modulating the disease process. 1, 13, 14 Th2 and Th17 cells have also been implicated in development of atherosclerosis but their roles seem to be multifaceted and both proatherogenic and protective effects have been reported. 1 Although the action of T cells in atherosclerosis has been intensely studied, the possible role of B cells has received less attention. B cells are present in atherosclerotic plaques but are less frequent than T cells. 15 Initial studies demonstrating reduced atherosclerosis after B cell transfer to splenectomized apolipoprotein E-deficient mice and a more aggressive development of disease in B cell-deficient μMT/ LDL receptor deficient mice implied that B cells have a protective function. 16, 17 This notion is also supported by findings of protective effects of antibodies against LDL phospholipid and apolipoprotein B antigens in experimental models of atherosclerosis as well as by clinical studies demonstrating inverse associations between autoantibodies against LDL antigens and the severity of carotid and coronary disease. [18] [19] [20] However, this view has been challenged by more recent studies that found reduced atherosclerosis in hypercholesterolemic mice after B cell depletion by CD20 antibody treatment. 21, 22 The reasons for these discrepant observations remain to be fully clarified. However, it has become clear that different B cell subsets exist, and it is possible that these may have different roles in the disease process. 23 In accordance, previous experimental findings have shown that conventional B2 cells contribute to atherosclerosis development, whereas B1a lymphocytes are atheroprotective. [24] [25] [26] B cell deficiency in murine models of autoimmune disease has led to worsened outcomes, suggesting that B cells also could have regulatory roles. 27, 28 In this context, studies have explored the role of different costimulatory molecules. It has been shown that stimulation of the costimulatory molecule CD40 brings about development of B cells with suppressive properties, and that absence of CD40 makes B cells unable to regulate inflammatory immune responses. 27, 29 There is evidence that the effect of the CD40 engagement on B cells depends on the maturation of the B cell as well as on the duration and strength of the signals between T and B cells, and thereby result in either regulatory or antibody producing B cells. 30, 31 Furthermore, regulatory interleukin (IL)-10 producing B cells activated in a T cell CD40-dependent manner have been demonstrated to suppress Th1 cell responses and prevent the induction of autoimmune disease in several mouse models. 27, 32, 33 Regulation of the proliferation of human T cells has been shown to require only cell-cell contact involving CD40 engagement, whereas Th1 cell differentiation is dependent on CD80/CD86 interactions and IL-10 production. 29 Expression of CD80 and CD86 by B cells was found to be required for the activation of autoreactive CD4 + T cells in experimental arthritis. 34 However, signaling through CD80 and CD86 has in other studies been proposed to take part in the suppressive effect of B cells, making the picture of these costimulatory molecules more complicated. 35, 36 Studies of regulatory B cells in humans have demonstrated a CD19 + CD24 high CD38 high B cell subset producing IL-10 36 as well as a CD19 high IgD + CD38 high CD24 high CD5 high subpopulation associated with generation of regulatory T cells, 29 a cell type that previously has been suggested to have a protective role in atherosclerosis. 13, 37, 38 There are no previous prospective studies of B cell subsets in cardiovascular disease (CVD). In the present study, we analyzed the association between baseline CD40-and CD86expressing B cell subsets and development of acute cardiovascular events (coronary event and stroke) in 700 subjects from the cardiovascular cohort of the Malmö Diet and Cancer Study (MDCS) with a follow-up of 15 years. We also assessed the association between the B cell subsets and carotid disease. The findings demonstrate associations between high levels of CD19 + CD40 + B cells and decreased risk of stroke; whereas high numbers of CD19 + CD86 + B cells were associated with an increased risk of stroke.
Materials and Methods
Materials and Methods are available in the online-only Supplement.
Results

Characteristics of the Study Cohort
In the present study cohort, 84 coronary events and 66 strokes (55 ischemic and 11 hemorrhagic strokes) were registered during follow-up until December 31, 2008. Baseline characteristics of the coronary cases, the stroke cases, and the nondiseased individuals are shown in Table 1 .
Associations Between B Cell Subsets and Cytokine Release From Stimulated Mononuclear Cells
Mononuclear leucocytes collected and frozen alive as part of the cardiovascular MDCS baseline investigation provided the opportunity to study specific B cell subsets in relation to cytokine release from mononuclear cells. Previous studies have shown that the time the cells were kept at -140°C had limited impact on cell viability. 38, 39 The viability was analyzed by uptake of 7-aminoactinomycin D, which is taken up by damaged and dead cells, in thawed CD45 + cells by flow cytometry, indicating that ≈95% of the cells remained viable. In experiments analyzing the fraction of CD19 + B cells from fresh and frozen samples, no significant differences were detected (8.5±3.3% in fresh samples versus 11.7±3.2% in frozen samples; P=0. 49) . Associations between cytokine release from anti-CD3/CD28 bead-stimulated mononuclear cells and B cell subsets obtained from the same subjects were analyzed. The release of IL-8 and IL-10 was found to associate with the fraction of CD19 + CD40 + B cells after adjustment for the fraction of CD3 + T cells, whereas release of proinflammatory cytokines with the exception of interferon-γ associated with the fraction of CD19 + CD86 + B cells ( Table 2 ). Because the mononuclear cells were stimulated with anti-CD3/CD28 beads, also associations between the cytokine release and the fraction of CD3 + T cells were calculated. The T cells were found to correlate inversely with the release of tumor necrosis factor (TNF)-α, IL-10, and IL-5 (Table 2) . Additionally, a high median fluorescence intensity of inducible costimulator ligand (ICOSL) on CD19 + CD86 + B cells correlated with lower levels of released cytokines, whereas a high median fluorescence intensity of human leukocyte antigen (HLA)-DR on both CD19 + CD40 + and CD19 + CD86 + B cells corresponded to a proinflammatory cytokine profile (Table 3 ).
B Cell Subsets and CVD
In the present study, viable CD19 + B cells and the viable CD19 + CD40 + and CD19 + CD86 + B cell subsets were investigated ( Figure 1 ). No correlation between B cell subsets and common and bulb carotid intima-media thickness was detected, but high numbers of CD19 + CD86 + B cells correlated with more stenosis (r=0.110; P=0.012) after adjustment for common risk factors (age, sex, LDL/high-density lipoprotein ratio, blood glucose, and systolic blood pressure). In a logistic regression model, no association was found between B cell subsets and presence of carotid plaques. The B cell subsets were further analyzed in relation to coronary and stroke events. The analysis revealed a significantly smaller fraction of CD19 + CD40 + B cells in individuals with a later incidence of stroke compared with controls, and the stroke cases group also displayed elevated percentages and numbers of CD19 + CD86 + B cells compared with controls ( were detected in percentages or numbers of the B cell subsets between coronary cases and controls (Table 1 ). In the next step, the percentages and numbers of the B cell subsets were divided into tertiles. In analysis of the tertiles of both the fractions and the numbers of the B cell subsets, there was a significant connection between more CD40 + B cells and less CD86 + B cells and vice versa (P for linear trend <0.001 for both the fractions and the numbers), suggesting that they are compensating for each other. To determine whether there were time-dependent associations between B cell subsets and risk of stroke events, the tertiles of the B cell subsets were plotted into Kaplan-Meier curves. The survival curves revealed a significant positive linear trend over tertiles of the fraction of CD19 + CD40 + B cells (log-rank [Mantel Cox] test; P for linear trend <0.01; Figure 2A ) and the tertiles of the fraction as well as numbers of CD19 + CD86 + B cells (Log-rank [Mantel Cox] test; P for linear trend <0.05; Figure 2C ; P for linear trend <0.05; Figure 2D , respectively). No significant linear trend was found over tertiles of the numbers of CD19 + CD40 + B cells (Log-rank [Mantel Cox] test; P for linear trend=0.25; Figure 2B ). Table 4 ). After adjustment for prevalent stroke in the Cox proportional hazard regression model, the associations were still significant for both the B cell subsets tested (data not shown). In χ 2 analysis of men and women separated, the percentage of CD19 + CD40 + and CD19 + CD86 + B cell tertiles demonstrated a pattern indicating that most males had high levels of CD19 + CD86 + B cells and low levels of CD19 + CD40 + B cells, whereas most females showed the opposite (P for linear trend=0.001 for both CD19 + CD40 + and CD19 + CD86 + B cells). Taken together, this may indicate that males are at a higher risk of incidence of stroke according to the pattern of the B cell subsets. The normalized median fluorescence intensity of the surface molecules HLA-DR and ICOSL was not significantly different between cases and controls on any of the B cell subsets (data not shown). However, high surface expression of HLA-DR correlated with less common carotid intima-media thickness (r=-0.127; P=0.001 for CD19 + CD40 + B cells and r=-0.097; P=0.019 for CD19 + CD86 + B cells).
Discussion
B cells are essential for humoral immunity, but their role in regulating T cell responses remains to be fully characterized. Both human and mouse studies show that the clinical efficacy of B cell depletion therapy may not correlate with changes in levels of circulating autoantibodies, suggesting that B cells may contribute to autoimmunity independently of autoantibody production. 40, 41 Furthermore, new data show that B cells are not only the passive recipients of T cell help but could participate in directing the magnitude and quality of the T cell response to foreign and self-antigens. 42 It seems that B cells could both amplify and suppress T cell immune responses by antibody-independent mechanisms involving pro-or anti-inflammatory cytokine secretion. 42 The regulatory B cell subset has been shown to contribute to tolerance and reduce inflammatory responses during autoimmune disease by release of IL-10 and by supporting development of T regulatory cells. 28 In this respect, B cells may also have a role in controlling immune responses in atherosclerosis development because it has been suggested that Th1 immune responses against self-antigens may drive the disease, whereas T regulatory cells are atheroprotective. 1 Here, we have assessed the influence of 2 B cell subsets on the development of acute cardiovascular events in a prospective study cohort, involving 700 randomly selected subjects from the cardiovascular arm of MDCS with a median/mean follow-up time of 15 years. The results demonstrated an association between high levels of CD19 + CD40 + B cells and a decreased risk for incidence of stroke. On the contrary, high numbers of CD19 + CD86 + B cells were associated with an increased risk of stroke. This suggests that different B cell subsets may have opposing impact on the risk of incident stroke. Flow cytometric immunophenotyping has been used to study peripheral B cell maturation and differentiation in humans. A suppressive CD19 high IgD + CD38 high CD24 high CD5 high B cell subset has been identified in humans, and it seemed to have an indirect function by inducing Foxp3 + CD4 + CD25 + T regulatory cells. 29 Interestingly, the results indicated that B cells activated by T cells through CD40 induced inhibition of T cell proliferation and differentiation to Th1-type cells, whereas the Th1 cell differentiation was dependent on CD80 and CD86 interactions. In experimental studies, a phenotypically distinct CD1d high CD5 + B cell subset was found to be potent regulatory B cells by controlling T cell dependent inflammatory responses through IL-10 secretion. 43 Regulatory IL-10-producing B cells suppressing Th1 cell responses have also been demonstrated to prevent induction of autoimmune disease in mouse models. 32, 33 Interestingly, a recent study demonstrated that IL-10-secreting B cells are the major regulatory cell type in experimental stroke. 44 In humans, the B cell subset CD19 + CD24 high CD38 high after CD40 stimulation demonstrated Associations between tertiles of CD19 + CD40 + or CD19 + CD86 + B cell subsets and incident stroke were calculated using Cox proportional hazard regression adjusted for age, sex, low-density lipoprotein/high-density lipoprotein ratio, body mass index, systolic blood pressure, and hemoglobin A1c. Significant associations between number of events and tertiles of cells were determined with a χ 2 test for linear trend. CI indicates confidence interval; HR, hazard ratio; and n.s., not significant. *P<0.05 and **P<0.01.
Table 2. Associations Between the Fractions of the CD19 + CD40 + B Cell Subset, the CD19 + CD86 + B Cell Subset, or the CD3 + T Cells and Cytokine Release From Anti-CD3/CD28 Bead-Stimulated Mononuclear Leukocytes
regulatory capacity and suppressed the differentiation of Th1 cells, which was also shown to be dependent on the presence of IL-10. 36 In the present study, we were interested in analyzing CD19 + B cells expressing the costimulatory markers CD40 and CD86 because no prospective clinical study has presented involvement of B cells subsets in atherosclerosis development. One of our findings demonstrated that individuals later suffering an incident stroke had lower levels of CD19 + CD40 + B cells compared with controls. This is in line with previous findings suggesting that stimulation of CD40 induces development of B cells with suppressive properties, and that absence of CD40 makes B cells unable to regulate inflammatory immune responses. 27, 29 In contrast, higher numbers of the CD19 + CD86 + B cell subset were associated with increased risk of incident stroke. The risk of incident stroke was doubled in the presence of high numbers of this B cell subset, and the risk seemed to be higher in men. It is known that B cells acting as antigen-presenting cells upregulate the costimulatory mediator CD86 to interact with T cells that in its turn make the B cells important IgG antibody producers. Thus, antibodies may also contribute to the stroke pathophysiology. In accordance, a previous study demonstrated that high levels of IgG against a defined oxidized LDL epitope reflected structure and disease activity of carotid plaques. 45 However, it may also reflect previous findings suggesting that Th1 cell differentiation is dependent on CD86 interactions 29 and the evidence from experimental animal studies indicating that Th1 immune responses play an important role in driving atherosclerosis. 2, 7, 8 In accordance, it has been demonstrated that naïve and memory B cells from patients with rheumatoid arthritis express higher percentage of CD86 than healthy controls. 46 In coming studies, it will be of interest to analyze whether any associations exist between CD19 + CD40 + or CD19 + CD86 + B cell subsets and the previously identified suppressive B cell subsets expressing CD19 high IgD + CD38 high CD2 4 high CD5 high or CD19 + CD24 high CD38 high . 29, 36 Interestingly, it has been shown that B cells explore a defective regulation capacity in patients with systemic lupus erythematosus that might depend on ongoing inflammation, a phenomenon also present in patients with CVD. One study observed that B cells from systemic lupus erythematosus patients were unable to regulate T cell proliferation, 29 whereas another demonstrated that CD19 + CD24 high CD38 high B cells isolated from patients with systemic lupus erythematosus did not suppress CD4 + T cell cytokine production, and these B cells were also refractory to further CD40 engagement. 36 Inflammation and immune mechanisms have been found to influence the pathogenesis of atherosclerosis and coronary artery disease as well as the risk and causation of stroke. 47, 48 The discrepancies found in the present study that only stroke and not coronary artery disease was associated with the B cell subsets may reflect the heterogeneous pathogenesis of stroke. High numbers of CD19 + CD86 + B cells correlated with more stenosis, whereas no correlations were found between CD19 + CD40 + B cells and stenosis or carotid intima-media thickness. This may indicate that the CD19 + CD40 + B cell subset does not influence development of carotid artery atherosclerosis but may modulate subsequent progression of atherosclerosis. Because the fraction and the absolute numbers of B cell subsets are 2 different measures, we decided to look at both in the context of CVD. The reason for the discrepancies between the fraction and the numbers and association with incident stroke has to be further evaluated. It may reflect that the fraction of the B cell subset in relation to other cells is important during some circumstances, whereas the absolute numbers are important during other.
The present findings that release of IL-10 from mononuclear cells correlated with the fraction of CD19 + CD40 + B cells, whereas CD19 + CD86 + B cells associate with a more proinflammatory cytokine profile, are in line with previous studies demonstrating the importance of CD40 for regulatory B cells and CD86 in the induction of Th1 cells. 27, 29 Interestingly, when mononuclear cells were stimulated with CD3/CD28-beads, only a few associations between the released cytokines and the fraction of the CD3 + T cells were detected. These findings indicate that B cells may have a more important role than T cells in regulating cytokine release. The association between CD19 + CD40 + B cells and the release of IL-10 may reflect the regulatory properties of this B cell subset. The association between these cells and IL-8 requires further evaluation.
Recently, it has been demonstrated in experimental studies that maturation of B cells into functional IL-10 producing effector cells needs not only CD40 interactions with T cells but also presence of IL-21. 49 IL-21 was found to expand IL-10producing regulatory B cells several fold, resulting in increased inhibition of experimental autoimmune disease, making analyses of this cytokine a target of great interest in future studies.
The antigen-presenting molecule HLA-DR is known to be upregulated on antigen-presenting cells after immune stimulation and CD40 stimulation has been shown to induce ICOSL on B cells. 50 In accordance, ICOS has been demonstrated to have a critical role as a regulator of various immune responses, and accumulating evidence suggests that a dysregulation of the ICOS-ICOSL costimulatory pathway may lead to exaggerated autoimmune responses. 51, 52 The present study demonstrates that high surface expression of ICOSL on CD19 + CD86 + B cells correlates with lower levels of released cytokines, suggesting a regulatory role of ICOSL, whereas a high surface expression of HLA-DR on both CD19 + CD40 + and CD19 + CD86 + B cells associates with a proinflammatory cytokine profile. In contrast, we found that high surface expression of HLA-DR on both B cell subsets was associated with less common carotid intima-media thickness, a finding that remains to be further elucidated.
There are some limitations of the present study that should be considered. Most importantly, our analyses were performed on cells that had been stored at -140°C for several years. As compared with initiating new prospective studies, this has the obvious advantage of allowing the studies to be completed within a relatively short period of time. However, it remains to be fully established how well thawed cells are representative of the original cell population. Although we were unable to detect any loss of cells when comparing cell numbers at freezing and thawing, we cannot exclude the possibility of a selective loss of B cells. Moreover, the same fluorochrome was used to identify CD14-and CD19expressing cells, and B cells were gated based on their characteristic low side scatter. Experiments using different fluorochromes for CD14 and CD19 revealed that ≈6% of the CD40-and CD86-expressing cells in the low side scatter gate were monocytes rather than B cells, and it is important to keep this limitation in mind when interpreting the present findings.
In summary, the novel findings in this study suggest that different B cell subsets may have diverse effects on the incidence of stroke. Our observations are in line with previous studies indicating that interactions of the costimulatory molecules CD40 and CD86 on B cells may have distinct functions in the immune responses. However, the impact of B cell subsets in CVD needs to be further evaluated in larger cohorts and also include more surface marker analysis.
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